The complete nucleotide sequence of Saccharomyces cerevisiae chromosome X (745 442 bp) reveals a total of 379 open reading frames (ORFs), the coding region covering 475% of the entire sequence. One hundred and eighteen ORFs (31%) correspond to genes previously identified in S.cerevisiae. All other ORFs represent novel putative yeast genes, whose function will have to be determined experimentally. However, 57 of the latter subset (another 15% of the total) encode proteins that show significant analogy to proteins of known function from yeast or other organisms. The remaining ORFs, exhibiting no significant similarity to any known sequence, amount to 54% of the total. General features of chromosome X are also reported, with emphasis on
Introduction
The traditional methods of genetic analysis involve tracing modified phenotypes back to genotypic alterations. The limit of this approach is an imperceptible modification of the phenotype. The international yeast genome systematic sequencing programme launched in 1989 by the European Communities, aiming at establishing the complete genetic information of bakers' yeast, Saccharomyces cerevisiae, has demonstrated the limitations of classical genetics. The pilot sequencing of chromosome III (Oliver et al., 1992) has demonstrated that disruption of a large number of the newly revealed open reading frames (ORFs) does not result in any phenotypic alteration. Subsequent systematic sequencing of seven more chromosomes (Barrell et al., 1994; Dietrich et al., 1994; Dujon et al., 1994; Feldmann et al., 1994; Johnston et al., 1994; Bussey et al., 1995; Murakami et al., 1995) has confirmed that a large proportion of the novel genes cannot be assigned any known function, while on the other hand a large number of proteins unrelated to database entries are being discovered. Last but not least, it stems from numerous cytological studies of chromosome behaviour during the vegetative and meiotic cell cycle that a chromosome is more than its mere genetic content. By making available the complete bOccasional overlaps between verification clone sequences were excluded from the calculations.
DNA sequence of a chromosome, parameters not entirely confined to its role as carrier of genetic information may be exposed for analysis. A survey of a new object is thus provided, even though all the topological implications of the results cannot be fully grasped at the present stage and must await at least the completion of the yeast genome enterprise. This paper describes the DNA sequence of chromosome X.
Results
Assembly of the sequence The sequence was determined from a set of 26 partially overlapping cosmids selected on the basis of an EcoRI map based on a cosmid contig of chromosome X (Huang et al., 1994a) . These cosmids were distributed within a consortium of 15 contractors. The telomeres were independently isolated and sequenced. While the left-telomere-containing clone was found to overlap with the left terminal cosmid of the chromosome, this was not so at the other end, where no overlap was detected between the right-most cosmid and a right-telomere-containing clone 9.0 kb in size. The missing portion (a few kb) was PCR-amplified from a yeast S288C genomic DNA template using primers designed from sequences flanking the gap. When all bases had been determined by each contractor and each sequencing strategy had been approved by the DNA coordinator, ensuring that the sequence had been independently determined on each strand with sufficient overlap between all the subclones, the sequences were considered as final and entered into the MIPS data library for assembly. Partial sequences of chromosome X have been published independently by some of the authors of this work (Huang et al., 1994b (Huang et al., , 1995 Miosga et al., 1994a Miosga et al., ,b,c, 1995 Purnelle et al., 1994; Vandenbol et al., 1994 Vandenbol et al., , 1995 Rasmussen, 1995; Zagulski et al., 1995) .
Verification of the sequence Quality controls were performed concomitantly with sequence assembly. The aim of the project was to keep the error rate as low as possible, with a target < 104. Three procedures were employed to track down errors, including checking sequencing strategy by the coordinator, matching overlapping portions sequenced by independent contractors and finally random resequencing (see Materials and methods for details). The results of the last two procedures are shown in Table I . From these data, the error rate of the yeast chromosome X sequence presented in this paper can be estimated to be 0.4%o, a value of the same order as that reported in similar studies.
General organization of chromosome X Analysis of the entire nucleotide sequence of chromosome X (745 442 bp) confirms the general features of chromosome organization observed in other systematically sequenced yeast chromosomes. The coding region occupies 74.04% of the sequence, 36.59% and 37.45% on the Watson and Crick strand, respectively. The average base composition is 38.9% G+C. As expected, the coding regions have a higher than average G+C content (40.2%) than the non-coding (35.6%). The distribution of dinucleotide frequencies over the whole chromosome is the same in the coding and the non-coding regions of either strand. The deviations of the frequencies of complementary dinucleotide pairs tend to occur in the same direction. In contrast to what was reported for chromosomes XI and II, the homopurine pairs do not seem to be in excess in the coding region of either strand ( Figure 1 ). Some compositional periodicity has been noted, at least in the case of chromosomes XI and II, with waves of G+C-rich regions correlating with waves of high gene density. By using the same algorithm, a similar G+C pattern emerges with chromosome X, especially in the right-hand part of the chromosome. This pattern correlates rather well with the gene density plot, as illustrated by the two deep depressions around 200 kb and 470 kb in Figure 2 .
Telomeres and centromere The telomere regions of chromosome X are similar to the other sequenced yeast telomeres. Adjacent to the Cl 3 A repeat at the left telomere are a Y' element (coordinates and the core X element (7305-7767) shared by most if not all yeast telomeres (Louis et al., 1994; Pryde et al., 1995) . However, the X-Y' junction does not contain the usual subtelomeric repeats STR-D, STR-C, STR-B and STR-A, but instead has (6998-7224) part of a copy (Louis and Haber, 1991) of the fourth intron of cytochrome b encoded by mitochondrial DNA (Delehodde et al., 1989) . A copy of bi4 is also found at the left telomere of chromosome IX (Louis and Haber, 1991; Barrell et al., 1994) . In fact, the left ends of chromosomes IX and X share a large, nearly identical block of sequence similarity spanning >21 kb. The right telomere of chromosome X is more conventional, with a core X element (744 593-745 052) and the STR-D, STR-C, STR-B and STR-A elements adjacent to the TG1.3 repeats (745 357-end ORFs and their predicted protein products By definition, an ORF is considered from its first in-phase ATG codon. Only those ORFs containing at least 99 contiguous sense codons following an ATG, and not entirely contained within a longer ORF in a different reading frame or on the other DNA strand, have been retained for further analysis. The special case of ORFs shorter than 100 codons is described below. A total of 379 ORFs were recorded in the entire chromosome X using this principle (Table II) (Sharp and Li, 1987) <0.11 may correspond to randomly occurring ORFs rather than to real genes (Dujon et al., 1994 
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-j j --{ \ -A r s -j ---o --r s < 6 S.cerevisiae chromosome X (Ketchum et al., 1995). novel putative yeast genes whose function will have to be determined experimentally. However, 57 of these (another 15% of total) encode proteins that show significant similarity to a protein of known function from yeast or other organisms, thus providing some indication as to their function. The 204 (54%) remaining ORFs exhibit no significant similarity to known sequences (FastA score <200). Motif searches have shown that 91 of the latter have some particular protein signature, mostly a structure suggestive of transmembrane domains (Table II) .
An approximately equal number of ORFs is observed on each DNA strand. The mean ORF size is 482 codons (1446 bp), the longest (YJR066w) reaching 2470 codons. The mean size of inter-ORF regions, disregarding one in each pair of overlapping ORFs, is 602 bp for terminatorpromoter combinations (WW and CC in Figure 3 ). For divergent promoters (DP) and convergent terminators (CT), the mean size is 725 bp and 311 bp, respectively. This striking difference in inter-ORF size between divergent promoters versus convergent terminators may be indicative of more important sequence requirements in promoter regions for the regulation of gene expression. An exception is the contiguity of the two ORFs YJL108c and YJL107c. The TGA stop codon of the latter overlaps the ATG of the former, so that both codons share TG. This peculiarity was carefully checked by oligo-primed sequencing in either direction on cosmid DNA. The two ORFs in their integrity are translated from a single transcript of~3 kb (Rasmussen, 1995) .
Environment of ATG and stop codons
Compilation of a large number of sequence data surrounding the initiation codon AUG has revealed that these sequences are not random and that higher eukaryotes have in common the consensus sequence GCC(A/G)CCATGG (Kozak, 1987) . In the case of the budding yeast, another consensus (A/Y)A(A/Y)A(A/Y)AATGGTCT has been proposed (Hinnebusch and Liebman, 1991) .
We examined the 318 chromosome X ORFs longer than 150 codons, in all probability corresponding to real genes, to test this consensus. performed at each position to test the non-randomness of this distribution, taking into account the G+C content of the chromosome. At all positions except -5 the distribution was found to be non-random. As these calculations are based on all the ORFs of a chromosome, regardless of their expression level, rather than on a selected subset, the following consensus sequence might be more appropriate: AAANAAAAATGGCTG. The chances of a random distribution at each position is <5%, or even 1% more frequently than expected occupied by A and less frequently by G, and at position + 8, where C is increased. In the case of TAG, at position -2 the frequency of C is depressed, while this nucleotide is nearly always absent from position +7. Finally, in the case of TGA, the distribution deviates from randomness at three positions, -2, -1 and +6.
Small ORFs (< 100 codons) The choice of a minimal length of 99 sense codons between the first ATG and the stop signal, which dates back to 1979 (Galibert et al., 1979) , probably owes more to the widely used decimal numbering system than to proper insight into biological mechanisms. However, as mentioned above, this size is warranted in the case of yeast (Dujon et al., 1994) . In simulation experiments in which chromosome length and nucleotide composition was varied, the chances that ORFs longer than 150 codons will exist and still not correspond to a real gene are negligible. Conversely, the chances that ORFs in the range 100-149 codons will have no biological significance increase in proportion to decreasing size. However, a size of 100 codons is no impassable limit and obviously some ORFs smaller than 100 codons correspond to genes and, for that matter, quite a few proteins shorter than 99 amino acids may not be accounted for by post-translational processing. An example is provided by the small proteolipids PMP1 and PMP2 (40 and 43 amino acids), on chromosomes III and V, respectively (Navarre et al., 1992; . Analysis of the chromosome X sequence has revealed 344 small ORFs 50-98 sense codons in size.
Comparison of the deduced proteins with database entries shows that one of these, J0526 (106425-106706), corresponds to the gene encoding subunit VIII of ubiquinol-cytochrome c reductase (Hemrika et al., 1993 
Sequence duplications
We have analysed the nucleotide sequence of chromosome X for the occurrence of sequences demonstrating high similarity to other genes of chromosome X (intrachromosomal duplications) and to genes in other yeast chromosomes (interchromosomal duplications), both at the nucleotide and the amino acid level (Table IV) . Some of the duplicated ORFs have been functionally characterized. These results confirm earlier observations on chromosomes XI (Dujon et al., 1994) and II (Feldmann et al., 1994) of the high level of internal genetic redundancy in the yeast genome. Moreover, in addition to duplication of individual genes, duplication of syntenic segments has also occurred, syntenic in the present context of intraspecies duplications meaning that two or more genes situated closely on the same chromosome have their homologous loci also located close together, with the same respective orientation, on the other chromosome. As a rule, the physical distance and the nucleotide sequence between two ORFs on the same syntenic segment are not conserved. However, some degree of intergenic sequence conservation can be observed in a few cases, as exemplified in Figure 4 . tRNAs and transposons Twelve tRNA genes are found on each strand ( Figure 5 ), a density somewhat higher than that observed in the previously sequenced yeast chromosomes. The 24 tRNAs can transfer 13 amino acids in all and include four tRNAASP, all identical with the same GTC anticodon; four tRNA two identical with TCT, one with ACG and one with CCT, the last two with minor sequence differences. Of the three tRNAMet, two are identical while the third exhibits slight differences. The two tRNATvr have an identical sequence and include the same GTA anticodon. Upon folding, all the predicted tRNAs fit in readily with the clover-leaf model, regarding stem length as well as loop size. All the canonical bases are observed in all cases but one. The exception is tRNAMet at position 517571, which exhibits an A, instead of T as in the canonical GTTC sequence. Careful checking of the sequence has shown that this ATC sequence does not result from sequencing errors. However, a cloning artefact at some point in the construction of the cosmid library cannot be ruled out at this stage.
While the clover-leaf model is basically respected, 46 non-canonical or unpaired bases are observable in the stems of this two-dimensional configuration. Thirty-nine correspond to a GT base pairing, three to TT and CA and one to GG. An example of such tRNA folding is presented in Figure 6 . These observations cannot be ascribed to sequencing or cloning incidents, since they have been observed by different investigators all working on different cosmids. Furthermore, the reality of such pairings has been established by direct RNA sequencing on mature tRNA and by mutagenesis experiments (Puitz et al., 1993) .
However, it is also true that in the case of plant mitochondrial tRNAs, some (but not all) mismatched base pairs are so edited as to generate a Watson-Crick pair in the mature tRNA (Marechal-Drouard et al., 1993) . While this phenomenon is not yet documented in nuclear yeast tRNA, the possibility of a similar editing process, whereby some of the 46 mispairings mentioned above would be converted into conventional Watson-Crick pairs, cannot be dismissed without additional sequence data or structural studies at the tRNA level. An alternative hypothesis is that some of the predicted tRNAs actually correspond to inactive pseudogenes.
Four of the tRNA genes encountered in chromosome 
LGT3 hexose transport protein AC01(12) YCRO37c (3) YCRO34w,k (3)' CRYl1 (3) L8039.6 (12) TPK3 (11) KTR2 (11) TIFI (11) MRS4 (11) YKRO027w (11) YKRO28wx (11) YKRO2lIw (11 YKRO0I9c (11) YKROlI8c (11) YKROlI3w (11) YKROlI3w (11) YKROlOc (11) SDHI (11) SSAI (1) YELO30w (5) YELO34w (5) YELO39c (5) YEL041Iw (5) YELO47c (5) TOR2 (11) URA7 (2) N0300 (14) N0295 (14 X display an intron 3' to the anticodon sequence, as previously observed. These include two tRNATIr with an intron of 14 nt, one of the two tRNALe' with a 19-nt intron and the unique tRNA T"P with an intron of~29 nt. Its exact size is difficult to assess because base pairing is possible between several short sequences in the anticodon stem, creating an extra arm of variable length. The entire chromosome X sequence was scanned in parallel for the presence of complete Ty elements or solo remnants or LTR thereof. As shown in Figure 5 , several of these have been found. One complete Ty4 is present at position 197243-203468 and two complete Tyl at position 472150-483659. The two elements are in tandem and share a central 6 element. In addition, several solo LTRs are observed. As reported, with the exception of Tyl these elements are located in the vicinity of tRNA sequences. However, this association seems to be rather loose and, besides, it involves partners located on either strand relative to one another.
Comparison of the physical and genetic maps of the chromosome X The genetic map of chromosome X includes 60 genes or markers, of which 48 were mapped in a linear array and 12 remained unmapped (Mortimer et al., 1995) . Figure 7 shows a comparison of this map with the physical map deduced from the complete nucleotide sequence. Contrary to what has been reported for chromosome XI (Dujon et al., 1994) , no gross translocation or inversion was observed here. On the whole, the intergenic distance on the genetic map is roughly proportional to the physical distance, indicative of a relatively uniform recombination frequency over chromosome X. However, closer examination reveals some interesting discrepancies. First, genetic mapping has assigned the previously sequenced CYR] gene (alias CDC35, HSRJ, SRA4 and TSM0185), encoding adenylyl cyclase, to a site indistinguishable from that of sui2. This assignment is clearly incorrect, as the sequence data shows that this gene is in fact located on the left arm of the chromosome, close to the centromere. Second, marked differences are observed in map distances, the ratio between genetic and physical map distances ranging from 0.02 cM per kb for the TDH2/met3 marker pair, to 0.84 and 4.74 cM per kb for the met3/ilv3 and ilv3/essl pairs, respectively. The relatively high frequency of recombination observed in these latter intervals strongly suggests the existence of preferred sites for the initiation of meiotic recombination, similar to those found in the arg4 region on chromosome VIII (Nicolas et al., 1989; Sun et al., 1989) and the MAT/thr4 region on chromosome III (Jacquet et al., 1991) . It is interesting to note that these intervals of high recombination frequencies in chromosome X appear to coincide with the sharp peak in the G+C content in the right arm of the chromosome (Figure 2) .
In all, 31 of the mapped and one, tRNAser, of the unmapped could be unambiguously assigned to an ORF or a tRNA gene on the basis of sequence comparison. A total of 28 loci cannot at present be attributed to specific ORFs on the physical map of chromosome X.
Discussion
The various elements of the chromosome X sequence referred to above are depicted in Figure 8 . The present (Mortimer et al., 1995) . The unmapped genes or markers are listed on the right. The physical map deduced from this work has been drawn to scale. The circle indicates the position of the centromere. Genes or markers for which no corresponding ORF has been identified on the physical map are indicated by an asterisk.
report brings the number of completely sequenced chromosomes from the yeast S.cerevisiae to nine, chromosome X ranking second in this series by virtue of its size. Thus, nearly 40% of the S.cerevisiae genome sequence is now accessible to analysis, availability of the whole sequence being anticipated for 1997. The sequence of chromosome X has been established in S288C, a S.cerevisiae strain chosen by all members of the European Union sequencing consortium led by Andre Goffeau. While the study of this sequence reveals no features that are specific for chromosome X, it corroborates several observations made with the previously sequenced chromosomes. Taking into account only those ORFs whose characterictics, such as size, CAI and disposition leave no doubt as to their existence as real genes, a minimal density of one gene per 2000 nt can be estimated. All these genes are regularly spaced along the chromosome, with no predilection for either strand. Following translation and comparison of the deduced amino acid sequence with database entries, the products of these ORFs can be categorized as follows: (i) 102 proteins previously identified in S.cerevisiae and encoded by genes already assigned to chromosome X; (ii) 16 proteins with strong similarity, or even near identity, to known S.cerevisiae proteins, but whose coding gene has not previously been shown to reside on chromosome X; (iii) 22 Regarding ORFs in categories (iii) and (iv) above, for which a function can be hypothesized, several of the proteins discovered in chromosome X are worth mentioning. For instance, three new genes encoding different subunits of the cytosolic chaperone complex (CCT5, CCT7 and CCT8) have been discovered on chromosome X in addition to CCT3. This brings the number of fully sequenced CCT genes in S.cerevisiae to eight. Together with the versatility of yeast versus mouse genetics, availability of these sequence data will undoubtedly promote fine molecular analysis of this important chaperone system.
Another remark concerns the discovery of a Cl-channel gene (Huang et al., 1994c) on chromosome X. In this respect, it is both surprising and remarkable that systematic sequencing was required to detect the first Cl-channel ever described in a species as thoroughly studied as S.cerevisiae. Here again, availability of the gene and of disruption mutants thereof will permit identification by complementation homologous genes in other species of interest, in particular in plants.
Chromosome X stands out because of the number of tRNA genes (24) it accommodates, capable of transferring 13 different amino acids. However, what is even more remarkable and has so far escaped notice is that folding of these tRNAs according to the clover-leaf model reveals quite a few mismatches in the several stems. This is suggestive of an editing process aiming at correcting some of these mismatches, as reported for various tRNAs from plants (Marechal-Drouard, 1993) . Of course, validation or dismissal of this hypothesis must await analysis at the RNA level.
Duplicated genes are found in chromosome X, as in other S.cerevisiae chromosomes. These include both intraand interchromosomal duplications. Furthermore, actual syntenic regions can be recognized in the latter case. The implications are 2-fold, pertaining (i) to the study of the evolution of the yeast genome and (ii) to function analysis, as it is known that disruption of a single gene frequently does not result in any phenotypic alteration. By the same token, a clue to the function of a gene might in some instances be provided by disruption of all the genes belonging to a given family.
To conclude, it must be stressed that this brief account of the sequence analysis of chromosome X cannot cover all the information embedded in the nucleotide sequence (Winston et al., 1995) . Copenhagen ( those containing 50-98 codons were retained for further analysis, in both cases provided they were not entirely contained within a longer ORF on either DNA strand. Searches for similarity of the deduced protein sequences to entries in the databanks were performed by FastA (Pearson and Lipman, 1988) in the Protein Sequence Database of PIR International (release 44) and other databases. Protein signatures were detected using the PROSITE dictionary (release 11.1) (Bairoch, 1989) . ORFs were assigned probable functions when the alignments from FastA searches showed significant similarity and/or protein signatures were apparent, whereas FastA scores <200 were considered insufficient to confidently assign function. The complete sequence was also searched for tRNA genes ('trnascan') (Fichant and Burks, 1991) , centromere and telomere consensus elements and for 6, o or t elements by comparison with a data set of such elements previously characterized in yeast.
Compositional analyses of the chromosome were performed using the Xl I program package (C.Marck, unpublished results). For calculations of CAI and GC content of ORFs, the algorithm CODONS (Lloyd and Sharp, 1992) was used.
Sequence verifications and quality controls
All sequences submitted by collaborating laboratories to the Martinsried Institute for Protein Sequences (MIPS) data library were subjected to quality controls. The procedure was comprised of three major steps. First, the strategy of each contractor was checked by the coordinator to pinpoint possible weak points and request the sequencers to review their electrophoretograms to assess the quality of their reads in these less documented regions. Second, once cosmid sequences had been entered in the database, the match between the overlaps was held to provide an assessment of the respective quality of the neighbouring partial sequences. Third, each of the cosmids that had been distributed to the contractors for sequencing was shotgunned, size-selected to -300-500 bp and cloned in plasmid vector, the size of the inserts ensuring that sequencing with the universal forward and reverse primers would provide a 300-400 double-stranded sequence. The subclones from each cosmid were sent with coded names to a different sequencer. The double-stranded part of each sequence was then sent to MIPS and compared with the initial sequence. The number of verification sequences per cosmid clone (averaging 15-30) varied according to the quality of the initial sequencing as deduced from alignment within the overlaps. Any discrepancy detected between overlapping partial sequences or between the sequence initially submitted and the verification sequence was addressed as follows. A stretch of 20 bp including the discrepancy, but not centering on it, was pointed out to each party for reviewing and re-submission to MIPS, whether modified or not. This procedure was sufficient to remove most discrepancies, as one party usually provided a revised sequence matching the other's. Resistant cases were dealt with by requesting both parties to send the electrophoretograms corresponding to the conflicting sequences to the coordinator, who made a decision and requested resequencing if necessary. The sequence data reported are available through http: //mips.biochem.mpg.de/yeast
